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1
METHOD OF MAKING A CATALYST

RELATED APPLICATION INFORMATION

This application 1s a continuation of U.S. patent applica-

tion Ser. No. 11/032,566 filed on Jan. 10, 2005, now U.S. Pat.
No. 7,045,484 which 1s a divisional application of U.S. patent
application Ser. No. 09/523,820 filed on Mar. 13, 2000, now
U.S. Pat. No. 6,841,512 which 1s a continuation-in-part of
U.S. patent application Ser. No. 09/290,633 filed on Apr. 12,
1999 now U.S. Pat. No. 6,270,719. U.S. patent application
Ser. No. 11/032,566 1s hereby incorporated by reference
herein.

FIELD OF THE INVENTION

The present invention relates to catalysts and more specifi-
cally to methods of making catalysts.

BACKGROUND OF THE INVENTION

A tuel cell 1s an electrochemical device in which the chemi-
cal energy of a conventional fuel 1s converted directly and
eificiently into low voltage electrical energy. Fuel cells have
many potential applications such as supplying power for
transportation vehicles, replacing steam turbines and remote
power supply applications.

Fuel cells, like conventional batteries, operate by utilizing
clectrochemical reactions. Unlike a battery, in which chemi-
cal energy 1s stored within the cell, fuel cells generally are
supplied with reactants from outside the cell. Barring failure
of the electrodes, as long as the tuel (preferably hydrogen),
and the oxidant (preferably either oxygen or air that contains
oxygen) are supplied and the reaction products are removed,
the cell continues to operate.

Fuel cells also offer a number of important advantages over
engine or generator systems. They include relatively highly
cificient, environmentally clean operation especially when
utilizing hydrogen as a fuel, high reliability, few moving
parts, and quiet operation.

A schematic diagram of a fuel cell with the reactant/prod-
uct gases and the 10n conduction flow directions through the
cell 1s shown 1n FIG. 4. Referring to FIG. 4, the major com-
ponents of a typical fuel cell 10 1s an anode 14, a cathode 16
and an electrolyte layer 12. In the embodiment shown, the
anode 14 and the cathode 16 are each in contact with and
positioned on opposite sides of the electrolyte layer. During,
operation, a continuous flow of fuel, commonly hydrogen, 1s
ted to the anode 14 while, simultaneously, a continuous flow
of oxidant, commonly oxygen or air, 1s fed to the cathode 16.
In the example shown, the hydrogen 1s fed to the anode 14 via
a hydrogen compartment 13. Likewise, the oxygen or air 1s
ted to the cathode 16 via an oxygen/air compartment 17. The
fuel 1s oxidized at the anode with a release of electrons
through the agency of a catalyst. These electrons are con-
ducted from the anode 14 through wires external to the cell,
through the load 18, to the cathode 16 where the oxidant 1s
reduced and the electrons are consumed, again through the
agency of a catalyst. The constant flow of electrons from the
anode 14 to the cathode 16 constitutes an electrical current
that can be made to do usetul work. Typically, the reactants
such as hydrogen and oxygen, are respectively fed through
the porous anode 14 and cathode 16 and brought into surface
contact with the electrolyte 12. The particular materials uti-
lized for the anode 14 and cathode 16 are important since they
must act as efficient catalysts for the reactions to take place.
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2

Despite their potential advantages, tuel cells have not been
widely utilized due 1n large part to their relatively high cost.
An 1important factor contributing to this high cost 1s the cata-
lytic nelliciencies of the prior art catalytic materials and/or
the high costs of many of these materials. The catalytic inet-
ficiencies of the materials increase the operating costs of the
tuel cell since such inetliciencies result 1n a lower electrical
energy output for a given amount of fuel. The use of expensive
catalytic materials, such as noble metal catalysts, results 1n
tuel cells which are too expensive for widespread application.

High catalytic efficiency at low cost 1s a desired result
which must be attained before widespread commercial utili-
zation of fuel cells 1s possible. Prior art fuel cell anode cata-
lysts, which have been generally predicated on either expen-
stve noble metal catalysts with a relatively low density of
catalytically active sites, have not been able to meet the
requirements. The present invention 1s directed toward novel,
low cost and highly efficient catalytic materials that are useful
for a variety of applications such as a fuel cell anode. The
present 1vention 1s also directed toward an eflicient and
iexpensive method of making the novel catalytic materials.

SUMMARY OF THE INVENTION

An objective of the present mvention 1s an mexpensive,
highly catalytic maternial that may be used for facilitating
hydrogen consumption in a fuel cell anode. Another objective
of the present invention 1s a catalytic material having a finely
divided metal particulate with very small particle size. Yet
another objective of the present invention 1s a cost effect
method for making the instant catalytic materials. Yet another
objective of the present invention 1s a fuel cell anode and a
tuel cell mcorporating the mstant catalytic maternals.

These and other objectives are satisfied by a catalyst lack-
ing platinum and palladium, the catalyst comprising: a metal
particulate having a particle size less than about 100 Ang-
stroms; and a support.

These and other objectives are also satisfied by a catalyst,
comprising: a nickel and/or nickel alloy particulate having a
particle size less than about 100 Angstroms, the nickel alloy
lacking platinum and palladium; and a support.

These and other objectives are also satisfied by a catalyst
comprising a metal particulate and a support, the catalyst
characterized by being formed by the process comprising the
step of leaching at least a significant portion of the bulk of a
hydrogen storage alloy.

T'hese and other objectives are satisfied by a method for
making a catalyst, comprising the steps of: providing a hydro-
gen storage alloy; and leaching at least a significant portion of

the bulk of the alloy.

These and other objectives are satisfied by a fuel cell,
comprising: an anode having a catalyst lacking platinum and
palladium, the catalyst comprising: ametal particulate having,
a particle size less then about 100 Angstroms, and a support.
The fuel cell preferably further comprise a cathode and an
clectrolyte. The electrolyte may comprise an alkaline mate-
rial.

These and other objectives are satisfied by a fuel cell,
comprising: an anode having a catalyst comprising: a nickel
and/or nickel alloy particulate having a particle size less than
about 100 Angstroms, the nickel alloy lacking platinum and
palladium, and a support. The fuel cell preferably further
comprises a cathode and an electrolyte. The electrolyte may
comprise an alkaline materal.
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BRIEF DESCRIPTION OF THE DRAWINGS

FI1G. 1 1s an STEM photomicrograph showing the effects of
leaching a hydrogen storage alloy particle with an alkaline
solution;

FI1G. 21s an STEM photomicrograph of the instant catalytic
material, performed under Brightfield imaging, showing the
catalytically active mickel rich regions;

FIG. 3 1s an STEM photomicrograph, performed under
Darkfield imaging, of the same region of catalytic material
from FIG. 2;:

FI1G. 4 1s a schematic diagram of a fuel cell;

FIG. 5 1s a diagram of an alkaline fuel cell using the catalyst
of the present 1nvention;

FIG. 6 1s a diagram showing an example of an anode layer
for an alkaline fuel cell comprising a catalyst and a hydro-
phobic matenal;

FIG. 7 1s a diagram showing cell voltage and pressure
versus time for a N1-MH cell charged at C/10 rate for twenty
hours;

FIG. 8 1s a diagram showing cell voltage and pressure
versus time for the Ni1-MH cell of FIG. 7, with the cell kept
idle 1n the open configuration for five hours;

FIG. 9 1s a diagram showing cell voltage and pressure
versus time for a Ni-MH cell charged and discharge after
multicycling and then charged at C/10 rate for twenty hours;
and

FIG. 10 1s a diagram showing cell voltage and pressure
versus time for the N1-MH cell of FIG. 9, with the cell kept in
open circuit 1n the open configuration for five hours.

DETAILED DESCRIPTION OF THE INVENTION

Disclosed herein 1s a novel catalyst particularly usetul for
facilitating the consumption of molecular hydrogen in a fuel
cell anode. The catalyst 1s designed to have a high density of
catalytically active sites to provide efficient, low cost fuel cell
operation. With a greater density of catalytically active sites,
the hydrogen oxidation reaction occurs much more readily to
allow for more efficient hydrogen consumption at reduced
COsts.

Generally, the catalyst of the present invention comprises a
metal particulate, and a support. The particulate may be
ailixed to the surface of the support. Alternately, the particu-
late may be partially or totally embedded 1nto the support. The
metal particulate 1s a plurality of metal particles. Preferably,
cach metal particle may be a substantially pure elemental
metal, or 1t may be an alloy of two or more elemental metals.
It 1s also possible that one or more of the individual particles
may be a composite or mixture of two or more elemental
metals, two or more alloys, or an elemental metal and an alloy.
All of the particles may have the same composition or they
may be a mixture of particles with different compositions.
Also, some of the particles may be substantially pure elemen-
tal metals while others may be alloys of two or more elemen-
tal metals

In one preferred embodiment of the present invention, the
catalyst lacks both platinum and palladium. Hence, there are
no platinum particles or palladium particles. As well, none of
the metal particles comprise either platinum or palladium as
part of an alloy, composite or mixture.

In another embodiment of the present invention, the metal
particulate comprises nickel particles and/or nickel alloy par-
ticles. The nickel alloy includes nickel and at least one addi-
tional elemental metal. Preterably, the at least one additional
clemental metal may be any elemental metal except for either
platinum or palladium. (Hence, 1t 1s preferable that the nickel
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4

alloy lacks both platinum and palladium). More preferably,
the at least one additional elemental metal 1s selected from the
group consisting ol Al, Co, Sn, Mn, T1 and Fe. Most prefer-
ably, the at least one additional elemental metal 1s selected
from the group consisting of Al, Co, Sn, Mn, and Ti.
Examples of nickel alloys which may be used include nickel
alloys comprising N1 and Co; nickel alloys comprising N1, Co
and Al; nickel alloys comprising Ni, Co, Mn and T1; nickel
alloys comprising N1, Co, Mn and Fe; and nickel alloys com-
prising N1 and Mn. Specific examples of nickel alloys include
a N1Co alloy, a N1CoAl alloy, a N1iCoMn'l1 alloy, a NiCoM -
nFe alloy, and a NiMn alloy.

It 1s believed that the addition of modifier elements to the
nickel to form a nickel alloy increases the surface roughness
of the metal particles. Since surface roughness 1s the total
surface area divided by the geometric surface area, the
increased roughness provides for an increase in the total
surface area of the metal particulate. The increased surface
area provides for an increase 1n the number of active catalysis
sites (1.e., there 1s increased accessibility to the catalytic mate-
rial). Hence, the catalytic activity of the material 1s increased.

The increased surface area also makes the catalytic mate-
rial less easy to poison. This 1s a crucial factor 1n the com-
mercial viability of fuel cell anodes. Generally, poisoning 1s
reduced as the number of active catalysis sites increases. As
just discussed, this occurs with increased surface roughness
and surface area. (It 1s noted that surface area can also be
increased 1n other ways besides increasing surface roughness.
For example, surface area may be increased by making the
metal catalytic particles smaller and packing them closer
together. This will also decrease the chance of the poisoning).

The addition of modifier elements to the metallic nickel can
also 1nhibit poisoning in other ways. Poisoning can be
alfected by the actual composition of the metallic particulate.
By i1dentitying the poison and the mechanism for poisoning,
a suitable modifier may be added to the metal particulate to
combat the poisoning. For example, poisoning may be due to
the build-up of a passivating oxide on the surface of the metal
particulate, thereby impeding the H, dissociation reaction. In
this case, a modifier element such as cobalt or aluminum
could be added at a concentration which 1s effective to pro-
vide an ongoing leaching of the particulate by the electrolyte
in order to constantly provide a clean, new metallic surface
which 1s free of the passivating oxade.

Also, poisoning may be due to the corrosion of the particu-
late and/or 1ts support by the electrolyte. In this case a passi-
vating agent, such as Zr or Mn, could be added. Though not
wishing to be bound by theory, 1t 1s possible that these modi-
fied catalysts may be especially resistant to H, contaminants
such as H,S, CH,, CO,, CO, which are aggressive poisons to
tuel cell anode catalysts.

It 1s also believed that adding certain elements, such as Al,
Sn and Co, to the nickel to form the nickel alloy may actually
inhibit the growth of the alloy particles and cause the average
s1ize of the particles to remain small. As discussed above,
decreasing the particle size while packing the particles closer
together increases the total surface area of the particulate,
increasing catalytic activity and decreasing the possibility of
polsoning.

The catalytic metal particles of the present invention are
not limited to any particular shape. They may be regularly
shaped or irregularly shaped. Examples of particle shapes
include spherical, elongated, thread-like, and “sponge-like”.
“Sponge-like”, porous particles may be made by mitially
including 1n the metal particulate a modifier element, such as
aluminum, whose sole purpose 1s to be leached out so as to
leave the catalyst particulate with a sponge-like shape and a
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high surface area. The leaching step may be carried out by
subjecting the alloy to an aqueous solution of an alkali metal
hydroxide such as potasstum hydroxide, lithium hydroxide,
sodium hydroxide, or mixtures thereot. Preferably, the leach-
ing may be done in a highly concentrated KOH solution
(perhaps about 45 wt % to about 60 wt %), at elevated tem-
perature of about 80° C. to about 120° C., for a time of about
one hour to about four hours. Of course, other leaching con-
ditions are also possible. After the leaching step, the remain-
ing 1nsoluble component forms a particulate with a sponge-
like, porous structure. The increased porosity increases the
surface area of the particulate.

It 1s noted that the catalytic activity of a material may be
determined by measuring the material’s exchange current I |
(measured 1n mA/g). The exchange current I_ 1s a function of
both the material’s exchange current density 1, (measured 1n
mA/m?) as well as the material’s surface area A (m°/g). Spe-
cifically, the exchange current, the exchange current density
and the surface area are all related as follows:

I =i_xA (1)

Equation (1) shows that the total catalytic activity of a
material (as measured by the total exchange current I ) 1s a
function of both the catalytic activity of the material compo-
sition (as measured by the exchange current density 1_) as well
as the surface area of the material A. Hence, the total catalytic
activity ol a material may be increased by either appropriately
changing 1ts composition to one which 1s more catalytic or by
increasing 1ts effective surface area. As discussed above, the
cifective surface area may be increased by increasing the
porosity and/or roughness of the catalytic particles. It also
may be increased by using a larger number of smaller-sized
particles, and by packing these smaller-sized particles closer
together. The effective surface area may also be increased by
increasing the porosity and surface area of the support upon
which active material 1s dispersed. The support will be dis-
cussed 1n more detail below.

Preferably, the catalytic metal particles of the present
invention have a very small particle size. Specifically, the
particles have an average particle size which 1s preferably less
than about 100 Angstroms, more preferably less than about 70
Angstroms, and most preferably less than about 50 Ang-
stroms. In addition, the particles may have an average particle
s1ze which 1s preferably be less than about 40 Angstroms and
more preferably may have an average particle size which 1s
less than about 30 Angstroms. In addition, the particulate may
have a particle size between about 10 to about 70 Angstroms,
preferably between about 10 to about 50 Angstroms, more
preferably between about 10 to about 40 Angstroms and most
preferably between about 10 and about 30 Angstroms.

A key aspect of the instant invention 1s the disclosure of a
practical embodiment and method of producing “ultra fine
catalysts”. Since the catalytic properties of a material are
primarily a surface property (rather than a bulk property),
large catalytic metal particles essentially waste the interior
metallic atoms. For expensive elements, such as platinum and
palladium (well known to have the required stability for fuel
cell anode use), this waste of material provides an unaccept-
able cost. Therefore, the smaller the metallic particles, the
better since the surface area for catalysis rises proportionally.
It 1s extremely difficult to produce Angstrom size metallic
particles. Hence, the disclosure of 10-50 Angstrom si1ze par-
ticles (which themselves may have additional surface area
due to surface roughness) i a finely divided distribution
within an mexpensive support 1s unique.

In certain embodiments of the present invention, the metal
particles of the present invention are situated in close prox-
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1mity to one another so that the particulate has a high density.
(Hence, there 1s also a high density of catalytic activity). The
particulate may have an average proximity that i1s preferably
between about 2 and about 300 Angstroms, and more prefer-
ably between about 50 to about 100 Angstroms.

In other embodiments of the mvention the percentage
weilght ol the metal may be varied so that the metal particulate
1s preferably between about 0.0001% to about 99% by weight
of the catalyst, more preferably between about 0.001% to
about 99% by weight of the catalyst, most preferably between
about 0.01% to about 99% by weight of the catalyst.

Experimental observations from high resolution scanning,
transmission electron microscopy (STEM) of specific
embodiments of the 1nstant catalytic material show the pres-
ence of catalytic regions or ““catalytic clouds”. These catalytic
regions may comprise nickel and/or nickel alloy regions. The
nickel or nickel alloy regions may be regions of metallic
nickel particles and/or nickel alloy particles having an aver-
age size ol about 10 to about 30 Angstroms 1n diameter. In
some of these regions, the proximity between the particles
may be between about 10 to about 50 Angstroms. In other
regions, the metallic nickel and/or nickel alloy particles are
even more closely packed, having a proximity on the order of
about 10 to about 20 Angstroms. Specifically, FIG. 2 1s an
STEM photomicrograph of the instant catalytic material, per-
formed under Brightfield imaging, showing the catalytically
active nickel rich regions. FIG. 3 1s an STEM photomicro-
graph, performed under Darkfield imaging, of the same
region of catalytic material from FIG. 2. FIG. 3 shows the
metallic nickel particles.

Preferably, the metal particulate of the present invention 1s
“stable” over time. That 1s, preferably, the size of the particles
remains small and does not increase over time. This helps to
ensure that the total surface area of the particulate remains
stable (1.e., does not decrease) over time.

The catalyst of the present invention further comprises a
support for the metal particulate. Generally, any support con-
ventionally known in the art, capable of supporting and pro-
viding adequate dispersion for the particulate, may be used.
Preferably, the support should be inexpensive and stable 1n
the local environment 1n which 1t 1s being used. The support
used preferably has a surface area and/or porosity suificient to
provide an adequate dispersion of the metal particles, thereby
allowing both penetration of electrolyte for the anode reac-
tion, but preferably not allowing the electrolyte to penetrate to
the H, gas compartment.

Increasing the porosity of the support also provides for a
more mtimate contact between the hydrogen gas reactant and
the catalytic material. In the case of a liquid electrolyte, 1t also
enhances the contact between the electrolyte and the catalytic
particles thereby improving or optimizing proton transfer.
Generally, the metal particulate may be affixed to the surface
of a support and/or partially embedded in the support and/or
totally imbedded in the support.

The instant invention also facilitates introduction of an
clectrolyte impermeable membrane in combination with a
current collection substrate such as wire mesh or expanded
metal.

In one embodiment of the present invention, the support
comprises one or more inorganic oxides. The inorganic
oxides may be metal oxides. The oxides may comprise at least
one element selected from the group consisting of nickel,
cobalt, manganese, titanium, zirconium, iron and the rare
carth elements. The oxides may comprise one or more 1ndi-
vidual oxides of the elements nickel, cobalt, manganese, tita-
nium, zirconium, iron and the rare earth elements. Alter-
nately, the oxides may comprise one or more oxides of alloys
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formed from two or more of the elements nickel, cobalt,
manganese, titanium, zirconium, iron and the rare earth ele-
ments.

In a first example, the support comprises an oxide of man-
ganese. In a second example, the support comprises an oxide
of nickel and manganese. In a third example, the support
comprises an oxide of nickel, manganese, cobalt, and tita-
nium. In a fourth example, the support comprises an oxide of
nickel, manganese, cobalt, titanium and 1ron. In a fifth
example, the support comprises an oxide of nickel, manga-
nese, cobalt and titanium. In a sixth example, the support
comprises an oxide of titanium and zirconium. In a seventh
example the support comprises silica. In an eighth example,
the support comprises alumina. The metal particulate may be
ailixed to the surface of the oxide support. Alternately, the
metal particulate may be at least partially embedded within
the oxide support, or 1t may be totally embedded within the
oxide support.

In still another preferred embodiment of the instant inven-
tion, these ultra-fine catalysts may be combined with zeolite
materials. The zeolites may have variable metal to silicon
ratios, and the ratio of the catalyst to zeolite may also vary. A
combination of catalyst/support oxide/zeolite 1s a preferred
embodiment.

The oxide support may 1tself be catalytic. In fact, by using
certain oxides as the support material, regions of exception-
ally high catalytic activity may be formed, especially at the
double or triple or more junctions between the metallic par-
ticle and the support oxide where designed regions of hydro-
phobic or hydrophilic property may be formed. Analytical
studies show that these regions are rich in such elements as
nickel, cobalt, manganese and titanium, and are referred to
herein as “N1CoMnT1 super catalytic regions™. It 1s believed
that these super catalytic regions may consist ol nickel-man-
ganese alloy particles embedded 1in a titantum-zirconium
oxide. These super catalytic regions show a surprising lack of
oxygen (based on the results of Electron Energy Loss Spec-
troscopy-EELS). It 1s also believed that the oxide portion of
these regions may be partially metallic and/or exist 1n a low
oxidation state.

The oxide support also may be formed from metal oxides
which are “microcrystalline” in structure, having crystallites
of very small size. Because of their small crystallite size,
these oxides have an increased number of grain boundaries
which provide “ionic pathways” for both hydrogen and
hydroxyl ions. (These 10n1¢c pathways may permit the hydro-
gen and hydroxyl 1ons to more more freely to the metallic
nickel or nickel alloy catalytic sites which may be situated in
the grain boundaries). Hence, such oxides facilitate 1onic
transport through the catalytic material.

Alternately, the oxide support may be formed so that it at
least partially comprises a “multivalent” oxide material such
as manganese oxide, MnO_. Because manganese oxide 1s
multivalent, 1t 1s believed that 1t may further promote
increased catalytic activity by changing oxidation states.

It 1s also possible to add a polymeric material to the oxide
support 1n order to modily the hydrophobic/hydrophilic
nature of the catalyst bed. Examples of such polymers include
fluropolymers such as polytetratluoroethylene (PTFE).

The oxide support may comprise fine-grained oxides,
coarse-grained oxides or a mixture of fine-grained oxides and
coarse-grained oxides. Alternately, the oxide support may be
formed so that 1t comprises a “multi-phase” oxide material.
For example, the oxide may be formed so that 1t includes both
fine-grained and coarse-grained regions. The fine-grained
region may mclude oxides such as a manganese oxide MnO _,

a NiMnCo'l1 oxide or a MnCoT1 oxide. One advantage of a
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multiphase oxide may be the suitable structural integrity of
the fuel cell anode to withstand the rigors of transportation
where vibration can cause premature fuel cell failure. The
coarse-grained regions may include oxides such as a TiZr
oxide.

The catalytic matenials of the present invention may be
formed so that the metal particles have certain crystal struc-
tures (based on Select Area Electron Diflraction—SAED)
within the oxide support. For example, catalytic materials
comprising nickel alloy particles embedded within an oxide
material may be formed so that the alloy particles have a
face-center-cubic (icc) structure. The formation of an fcc
crystal structure may be influenced by the high degree of
substitution of the modifier elements (such as Co, Al, Mn, Sn)
for the nickel. The fcc nickel alloy 1n conjunction with the
N1CoMn'T1 super catalytic regions and the TiZr oxide forms a
structure which may further promote 1onic diffusion and reac-
tion. In an alternate embodiment of the present invention, the
support may be formed from a carbon material. Examples of
carbon supports include carbon black, graphite, activated car-
bon, charcoal and carbine. Mixtures of carbon materials and
iorganic oxides may also be used. Alternately, the support
may comprise a carbide. For example, the support may com-
prise a binary compound of carbon and another element.
(Examples of carbides include those of calcium, tungsten,
silicon, boron, and iron). Additionally, other mixtures or
blends of supports can be used to provide high surface area for
the catalytic metal particulate and good electronic conductiv-
ity as well as good 10nic transport.

Alternately, the support may comprise a halide such as a
chloride. Alternately, the support may comprise a phosphide,
a silicide, or a nitride. Of course, the support may be a blend
or mixture of the materials described above.

One of the starting materials for the formation of the cata-
lytic materials of the present invention are hydrogen storage
alloys. These are materials which are capable of the absorp-
tion and release of hydrogen. Hydrogen storage alloys are
known 1n the art. Examples of very simple hydrogen storage
alloys are the TiN1 and LaNi. alloys. Other examples of
hydrogen storage alloys are provided 1n U.S. Pat. No. 4,623,
597 (the disclosure of which 1s incorporated by reference).
The matenials described 1n the 597 patent have a greatly
increased density of catalytically active sites providing for the
fast and stable storage and release of hydrogen. These mate-
rials were fabricated by manipulating the local chemical and
structural order by incorporating selected modifier elements
into a host matrix so as to create the desired disorder. Addi-
tional hydrogen storage alloys are disclosed 1n U.S. Pat. No.
4,551,400 (*the 400 patent”), the disclosure of which 1is
incorporated by reference. These materials utilize a generic
T1—V—N1 composition where at least T1, V, and N1 are
present with at least one or more of Cr, Zr, and Al. Other
T1-Vi-Zr—Ni alloys are described 1n U.S. Pat. No. 4,728,586
(“the 586 patent™), the disclosure of which 1s incorporated by
reference. The *586 patent described a specific sub-class of
these T1—V—Ni1—Z7r alloys comprising 11, V, Zr, N1, and a
fifth component Cr. Modified LaNi; matenals are discussed
in U.S. Pat. No. 5,096,667, (“the 667 patent”) the contents of
which 1s 1incorporated by reference herein. Still other
examples of hydrogen storage alloys are described 1n U.S.
Pat. Nos. 5,840,440, 5,536,591 (*the ’591 patent™) and 1n
commonly assigned U.S. patent application Ser. No. 09/290,
633 (*the *633 application”). The contents of U.S. Pat. Nos.
5,840,440, and 5,536,591 as well as the contents of U.S.
patent application Ser. No. 09/290,633 are all incorporated by
reference herein.
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Examples of alloys described 1n the 591 patent are alloys
having the composition:

(Base Alloy)_ Co,Mn _Fe_Sn_

where Base Alloy comprises 0.1 to 60 atomic percent 1, 0.1
to 40 atomic percent Zr, 0 to 60 atomic percent V, 0.1 to 57
atomic percent N1, and 0 to 56 atomic percent Cr; bis 0to 7.5
atomic percent; ¢ 1s 13 to 7 atomic percent; d 1s 0 to 3.5 atomic
percent; ¢ 1s 0 to 1.5 atomic percent; and a+b+c+d+e=100
atomic percent. Many of the alloys described 1n the *391
patent include Mn, the effects of which 1s discussed 1n the
"667 patent, the disclosure of which 1s incorporated by refer-
ence herein.

The *633 application describes certain hydrogen absorbing,
alloys formed by adding one or more modifier elements to
certain “base” alloys. The base alloys preferably have a com-
position consisting essentially 01 0.1 to 60% T1, 0.1 to 40% Zr,
0to 60% V, 0.11t057% Ni, 5to 22% Mn and 0 to 56% Cr. The
modified alloys which are described 1n the 633 application
are referred to herein as “the “633 alloys™.

Preferably, the moditying elements are chosen from the
group consisting of Al, Co, Sn, and Fe. More preferably, the
moditying elements are chosen from the group consisting of
Al, Co, and Sn. In a first example, all three modilying ele-
ments, Al, Co, and Sn are added to the base alloy. In a second
example, all four moditying elements, Al, Co, Sn and Fe are
added to the base alloy. In a third example, the modifier
clements may added to the base alloy so that the atomic
percentage of Al 1s between about 0.1 and about 10, the
atomic percentage of the Co 1s between about 0.1 and about
10, the atomic percentage of the Sn 1s between about 0.1 and
about 3.0, and the atomic percentage of the Fe 1s between
about 0.0 and about 3.5. In a fourth example, the modifier
clements may be added to the base alloy so that the resulting
modified alloy has the following composition:

Tigg o/ 1565V 5.0V13g 0Cr3 5C0O sMn 5 gAlg 4Sng 6.

Hydrogen storage alloys tend to react with oxygen to form
metal oxides by the reaction:

M+x20,—>MO, (2)
Hydrogen storage alloys are sensitive to the formation of
surface oxides so that most, if not all, of these alloys comprise
an 1mtial surface oxide layer. The composition of this mitial
surface oxide layer depends, at least 1n part, on the composi-
tion of the underlying bulk alloy material (that 1s, upon the
constituent metals which make up the bulk material as well as
the atomic percentage of those metals). The oxide surface
layer 1s typically between about 50 Angstroms to about 1000
Angstroms thick, although thicknesses of the surface oxide
layer of up to about 5000 Angstroms are possible.

The mitial surface oxide of a hydrogen storage alloy may
be modified by an etch process. Alkaline etch processes are
described 1n U.S. Pat. No. 4,716,088 (*the 088 patent™) as
well as 1n commonly assigned U.S. patent application Ser.
No.09/395,391 (*the 391 application™). Both the *088 patent
as well as the 391 application are incorporated by reference
herein. As described 1n the 088 patent, the major role of the
etch process 1s that of surface modification. The 088 patent,
391 application as well as the 591 patent and the *633
application describe the effects of the etch process on the
surtace oxide.

A method of making the catalytic material of the present
invention 1s by subjecting a hydrogen storage alloy starting
material (which 1s preferably in the form of a powder) to a
leaching process (also referred to herein as a “leaching treat-
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ment”). The leaching process of the present invention 1s a
deep, penetrating “bulk™ leaching process. This means that
the leaching material (the active material that does the leach-
ing—also referred to as “leaching agent” or “leachant™) pen-
ctrates well below the 5000 Angstrom 1nitial surface oxide
layer of the alloy particle and into the particle bulk. As used
herein, “bulk™ refers to the interior region of the particle
beneath the 5000 Angstrom oxide surface layer. The leaching

process penetrates and treats (1.e., leaches) at least a signifi-
cant portion of the bulk of the alloy particle. Preferably, a
significant portion of the bulk 1s leached when the leaching
process treats at least about 10,000 Angstroms of the hydro-
gen storage alloy particle. Hence, 1t 1s preferable that at least
about a 10,000 Angstrom thick layer of the hydrogen storage
alloy particle 1s leached. More preferably, at least about
20,000 Angstroms of the particle 1s leached. Most preferably,
at least about 30,000 Angstroms of the particle 1s leached. In
another embodiment of the method, 1t 1s preferable to leach at
least about 40,000 Angstroms of the particle. It 1s more pret-
erable to leach at least about 50,000 Angstroms of the particle.
In a preferred embodiment of the method, 1t 1s preferable to
leach substantially the entire bulk of the hydrogen storage
alloy material. Hence, 1n a preferred embodiment, substan-
tially the entire hydrogen storage alloy particle 1s leached.

In other embodiments of the imnstant invention preferably at
least about 10% of the hydrogen storage alloy particle 1s
leached, more preferably at least about 25% of the hydrogen
storage alloy particle 1s leached, and most preferably at least
about 50% of the hydrogen storage alloy particle 1s leached.
In yet other embodiment of the instant invention preferably at
least about 75% of the hydrogen storage alloy particle 1s
leached, and more preferably at least about 90% of the hydro-
gen storage alloy particle 1s leached.

As described above, an embodiment of the imstant catalytic
materials 1s a finely divided metal particulate embedded 1n an
oxide support. In particular, the metal particulate may be a
metallic nickel and/or a nickel alloy where the nickel alloy
lacks both platinum and palladium. This embodiment may be
made by subjecting the hydrogen storage alloy material to the
appropriate leaching process. The leaching process pen-
ctrates 1nto substantially the entire particle bulk and converts
the oxidizable components of substantially the entire bulk of
the alloy particle to oxides. Hence, the oxidizable compo-
nents of substantially the entire alloy particle in converted to
oxides.

The hydrogen storage alloy may be subjected to a leaching
process by “contacting” the alloy material with an appropri-
ate leaching matenal for a predetermined period of time, at a
specific temperature and at a specific pH. To convert the alloy
material to oxide, the appropriate leaching material may be an
alkaline solution. The hydrogen storage alloy may be “con-
tacted” with the alkaline solution by placing the alloy (which
1s preferably 1n powder form) 1n a container of the alkaline
solution. The alkaline solution 1s preferably formed as an
aqueous solution of an alkali metal hydroxide. Examples of
alkali metal hydroxides which may be used include potas-
sium hydroxide, sodium hydroxide, lithium hydroxide, and
mixtures thereof. The pH of the alkaline solution may be
adjusted by changing 1ts alkaline concentration. The alkaline
concentration 1s adjusted by changing the percentage weight
of the alkali metal hydroxide added to the aqueous solution.
The period of time 1n which the leaching maternal (i.e, 1n this
case, the alkaline solution) 1s 1n contact with the hydrogen
storage alloy, as well as the temperature and pH of the leach-
ing agent are all result-effective variables which can be varied
to effect the outcome of the leaching process.
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Many of the metallic components within the bulk of the
alloy are readily oxidized by the concentrated alkaline solu-
tion of the leaching process. However, some of the metallic
clements and/or alloys within the bulk of the alloy are resis-
tant to oxidation by the alkaline solution. By choosing an
appropriate starting alloy and then subjecting this starting
alloy to the alkaline solution for a certain period of time and
at a certain temperature and pH, 1t 1s possible to convert the
oxidizable components to oxides. However, some of the
metallic components and/or alloy components are resistance
to oxidation by the alkaline solution and are not converted
oxides. In fact, by carefully selecting the appropriate starting
hydrogen storage alloy as well as the appropriate leaching,
conditions, the starting alloy may be leached so that substan-
tially all of the oxidizable components of the hydrogen stor-
age alloy material are converted to oxides. Those components
which are resistant to oxidation will remain as metallic ele-
ments or alloys.

Hence, 1n a preferred embodiment of the catalytic material
of the present invention may be formed by selecting an appro-
priate starting hydrogen storage alloy material and then
leaching the material with the appropriate leaching material
and under the appropriate conditions (i.e., time, temperature
and pH) until substantially all of the oxidizable components
of the starting hydrogen storage alloy are converted to oxides
(1.e., so that substantially none of the oxidizable components
of the hydrogen storage alloy remain). This “completely oxi-
dized” material includes a finely divided, highly catalytic
metal and/or alloy particulate (which 1s preferably nickel
and/or nickel alloy) that, as discussed above, 1s resistant to
conversion to oxide by the alkaline solution. The oxidized
material with metal particulate may be referred to herein as a
“catalytic oxide”. The metal particulate may be extremely
small. As discussed the particles may be made which have an
average particle size which is preferably less than about 100
Angstroms, more preferably less than about 70 Angstroms,
and most preferably less than about 50 Angstroms. In addi-
tion, 1 certain embodiments of the present invention the
particulate may have a particle size between about 10 to about
70 Angstroms, preferably between about 10 to about 50 Ang-
stroms, more preferably between about 10 to about 40 Ang-
stroms, most preferably between about 10 to about 30 Ang-
stroms.

Hence, the leaching process provides a cost effective way
to make a catalytic material comprising metallic nickel and/or
nickel alloy particles having an extremely small particle size
(1.e., ultra-fine metallic catalysts). It 1s noted that i1f one
wished to make the same size nickel or nickel alloy particles
using metallurgical means 1t would either not be possible, or
if possible, would be cost prohibitive. In particular, 1t 1s noted
that background art U.S. Pat. No. 4,541,905 to Kuwana, et al.
(“the 905 patent™) describes a catalytic material formed by
the electrodeposition of nickel into a polymeric layer. In
contrast to the instant catalytic materials, the catalytic mate-
rial of the 905 patent comprises nickel oxide rather than
clemental metallic nickel. Likewise background art U.S. Pat.
No. 5,053,379 to Giordano, et al. (*the *379 patent™) also
describes a nickel catalyst made by subjecting a nickel com-
pound carrier to a thermal decomposition treatment. In con-
trast to the present invention, the Ni/MgO catalyst of the 3779
patent also consists of nickel oxide rather than metallic
nickel.

In addition to converting essentially all of the oxidizable
components of the hydrogen storage alloy matenal to oxides,
the leaching treatment may also alter the composition of the
oxides. The alkaline solution may do this by dissolving the
more soluble oxide components out of the oxide portion.
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Certain oxides are more soluble than others 1n an alkaline
environment. For example, the oxides of manganese, vana-
dium, aluminum, cobalt and tin are readily soluble 1n an
alkaline solution while others, such as those of titanium,
zircomum and nickel are less soluble. Those oxides which are
more soluble will be removed from the oxide layer to the
alkaline solution. The less soluble oxides will either remain at
part of the oxide or enter the alkaline solution as colloidal
particles. Hence, the composition of the oxide portion will be
altered. FIG. 1 1s an STEM photomicrograph showing the
elfects of leaching a hydrogen storage alloy particle with an
alkaline leaching material (i.e. an alkaline solution). In FIG.
1, only a portion of the hydrogen storage alloy particle has
been leached.

Selectively removing the more soluble components of the
oxide portion of the catalytic material provides for a greater
concentration catalytic sites of metallic nickel and/or nickel
alloy, which are resistant to oxidation and also insoluble in the
alkaline solution. Nickel and nickel alloys, 1n their metallic
state, are catalytic and electrically conductive, and these cata-
lytic properties are imparted to the oxide region. The oxide
region 1s thus more catalytic and conductive than if 1t con-
taimned a higher concentration of insulating oxides.

Removing the more soluble oxide components also makes
the oxide region more porous. An increase in porosity
increases the permeability of the oxide region to the diffusion
and transport of molecular hydrogen as well as to the ditfu-
sion and transport of certain 1ons, such as hydrogen and
hydroxyl 1ons. An increase in porosity also increases the
surface area of the oxide region.

It 1s noted that the bulk leaching process used to create the
catalytic materials of the present invention 1s distinguishable
from alkaline “etching” treatments used to simply modify the
initial surface oxide layer (described above) of the hydrogen
storage alloy. As discussed above, this initial surface layer 1s
about 1000 Angstroms thick. Alkaline etch treatments
described 1n the 088 patent as well as the 391 application,
are surface treatments used to modily the existing surface
oxide of a hydrogen storage alloy material 1n order to make
the material suitable for use as the active electrode material in
a metal hydride electrochemical cell (for example, a nickel
metal hydride cell). When used as the active matenal for an
clectrochemical cell, the hydrogen storage alloy particles
themselves may be on the order of about 10 to about 70
microns in size. Alter the etch treatment, each hydrogen stor-
age alloy particle 1s surrounded by a relatively thin metal
oxide surface layer that may have a thickness of about 1000
Angstroms. Within this oxide surface layer, there are a large
number of the metallic nickel and/or nickel alloy particles that
are on the order of about 10 to about 70 Angstroms 1n size.
Overall, however, the fraction of the catalytic metal particles
in the thin oxide surface layer 1s small in comparison to the
volume of metal present 1n the non-oxidized bulk of the
hydrogen storage alloy particles.

In contrast, as discussed above, the leaching process used
to form the catalytic material of the present invention prefer-
ably oxidizes substantially all of the starting hydrogen stor-
age alloy particle. Leaching conditions (1.e., leaching time as
well as temperature and pH of the leaching matenal) are
selected which completely treat the starting hydrogen absorb-
ing alloy particles so that only oxides with suspended cata-
lytic particles remain (i.e, a “catalytic oxide”). The leaching
conditions used to make the catalytic matenals of the present
invention may be different from those used to activate the
hydrogen storage alloy materials for battery applications (1.¢.,
since at least a significant portion of the bulk will be leached,
one or more of the leaching conditions may be more aggres-
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stve). Also, the selection of the starting hydrogen storage
alloy 1tself may also be ditferent for the instant invention than
the starting material used to form an active electrode material
for battery applications. For example, the chosen hydrogen
storage alloy for the mstant invention may use a higher frac-
tion of readily dissolved elements such as V, Co, Al, and Sn.

Specifically, to form the catalytic matenals of the present
invention, the leaching material may be an alkaline material
and the leaching conditions may be chosen so that the tem-
perature of the alkaline material 1s preferably above about 60°
C., and more preferably above about 100° C. The percentage
weight of the alkali metal hydroxide 1s preferably at least
about 30 weight %, more preferably at least about 40 weight
%, and most preferably at least about 60 weight %. Of course,
the leaching conditions are not limited to the above ranges
and may be varied to achieve the desired results.

In another embodiment of the method of making the cata-
lytic materials of the present invention, the leaching material
used may be an acidic solution. The use of an acidic solution
1s also within the spirit and scope of this invention. The acidic
solution may be an aqueous solution of one or more acids.
Examples of acids which may be used include HF, HCI,
H,SO4, and HNO,. Blends of two or more acids may also be
used. An example of a blend which may be used 1s an aqua
regia. An example of an aqua regia 1s a mixture of nitric acid
and hydrochloric acid. The leaching process may be imple-
mented by “contacting” the alloy material with an acid (such
as HF) for a predetermined period of time, at a specific tem-
perature and at a specific pH.

It 1s also possible that the desired catalytic materials be
made by using two or more leaching processes. For example,
a first alkaline leaching treatment may be performed at a first
set of leaching conditions (1.e., a first alkaline material as well
as a {irst time, temperature and alkaline concentration), and
then a second alkaline leaching treatment may be performed
at a second set of etch conditions (i.e., a second alkaline
material as well as a second time, temperature and alkaline
concentration). This process may be repeated with further,
subsequently applied, alkaline leaching treatment. Alter-
nately, one or more of the alkaline leaching treatment may be
replaced with one or more acidic leaching processes (wherein
the leaching material 1s an acidic solution). Hence, the leach-
Ing process may comprise two or more acidic etch treatments.
Alternately, the leaching process may comprise one or more
alkaline leaching treatment and one or more acidic leaching
treatments. In a particular embodiment, the leaching process
may comprise alternating alkaline leaching treatments and
acidic leaching treatments. This alternating acid/base treat-
ment 1s an especially aggressive method to more fully react
the starting alloy.

As discussed above, the catalyst of the present invention
may be used as the catalytic material of a fuel cell anode.
Though not wishing to be bound by theory, it 1s possible that
this fuel cell anode function of the instant catalysts may be
assisted by deliberately leaving a portion of the starting
hydrogen storage alloy 1t 1ts metallic (unoxidized) state. Spe-
cifically, the dissociation of the H, gas reactant and subse-
quent reaction with hydroxyl 1ions from the electrolyte to form
water with the release of an electron according to the reaction
equation:

H,(g)+20H ---->2H,042¢>!

(3)

may be assisted by the following sub-mechanism:

H->(g)+2M ---->2MH (3a)

OMH+20H -—--->2M+2H,0+2¢~ (3b)
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where the molecular hydrogen H, 1s first absorbed by the
hydrogen storage alloy (step 3a) and then reacted with the
hydroxyl 1ons OH™ from the electrolyte (step 3b). Optimized
ratios of unoxidized metal alloy material to catalytic oxide
can be determined by optimization experiments. It 1s possible
to produce a catalytic material having such optimized ratios
by the appropriate choice of the starting hydrogen storage
alloy as well as the appropriate choice of conditions in the
bulk leaching process used to treat the alloy.

Hence, by appropriately selecting the appropriate leaching,
conditions and/or the appropriate starting material, the leach-
ing process may also be used to chemically convert a desired
percentage ol each of the hydrogen storage alloy particles to
the catalytic oxide. Specifically, in another embodiment of
the ivention, 1t 1s preferable that the leaching process chemi-
cally converts at least about 10% of each of the alloy particles
to the catalytic oxide. It 1s more preferable that the leaching
process chemically converts at least about 25% of each of the
alloy particles to the catalytic oxide. It 1s most preferable that
the leaching process chemically converts at least about 50%
of each of the alloy particles to the catalytic oxide. In another
embodiment, the leaching conditions and/or the starting
materials may be chosen so that the leaching process chemi-
cally converts at least about 75% of each of the alloy particles
to the catalytic oxide. Preferably, the leaching process con-
verts at least about 90% of each of the alloy particles to the
catalytic oxide.

It 1s also possible that the fuel cell function of the instant
catalyst be promoted by forming a catalyst which 1s “compo-
sitionally graded”. As used herein, compositional grading
refers to forming the catalyst so that there 1s a continuous
change (linear or non-linear) 1n some aspect of the composi-
tion in a chosen direction. (Preferably, there 1s a continuous
increase or decrease in some aspect of the composition). For
example, referring to FI1G. 4, the catalyst incorporated into the
anode 14 may be compositionally graded so that there 1s an
increase or decrease in the density of the catalytic sites from
the hydrogen input side (1.e., adjacent the hydrogen compart-
ment 13) to the electrolyte side (1.e., adjacent the electrolyte
12). 1n one embodiment, the catalyst 1s compositionally
graded so that there 1s a continuous decrease 1n the density of
the catalytic sites from the hydrogen input side (i.e., adjacent
the hydrogen compartment 13) to the electrolyte 51de (1.e.,
adjacent the electrolyte 12) of the anode 14.

As discussed above, 1t 1s also possible to form a support
which comprises materials other than oxides. For example,
the support may also comprise chlorides, phosphides, sili-
cides, and carbides. These materials may also be made using
a deep, penetrating leaching process. The leaching material 1s
appropriately chosen to convert the starting hydrogen storage
alloy matenal to the desired support material. (Of course
mixtures ol materials may also be formed—with or without
oxides). For example, a catalytic phosphide may be formed
comprising a finely divided metal particulate embedded 1n a
phosphide.

In an alternate embodiment of the invention, by selecting,
the appropriate starting material as well as an appropriate
leaching process 1t 1s also possible extract (1.e., dissolve out)
substantially all of the soluble oxide components of the start-
ing material, leaving behind only the small, catalytically
active particles. These catalytically active particles may be
allixed to a support material or a support structure. For
example, they may be mixed with a carbon support matenal.
Alternately, they may be atfixed to a support structure such as
a conductive grid. Also, they be even be mixed together with
a binder, such as PTFE, for mechanical stability.
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In the embodiments of the leaching processes described
above, the leaching process involved a chemical treatment of
the hydrogen storage alloy powder. This may be referred to as
“chemical leaching”. In an alternate embodiment of the
leaching process, the leaching treatment may be electro-
chemically assisted. That 1s, a potential may be applied to the
hydrogen storage alloy powder so as to make it easier to
convert the oxidizable components of the alloy to their
respective oxides or to remove the more soluble oxides from
the material after the oxides are formed. This type of electro-
chemically assisted leaching 1s referred to herein as “electro-
chemical leaching”. The electrochemaical leaching 1s similar
in concept to electrochemically assisted etching (applying
potential to assist the etching process) which 1s described 1n
detail 1n the *088 patent.

From the discussion above, 1t 1s seen that by first formu-
lating a hydrogen absorbing alloy material with an appropri-
ate composition and then subjecting this alloy to a leaching
process having the appropriate leaching conditions condi-
tions (1.e., time of leachuing as well as temperature and pH of
the leaching material), substantially the entire starting alloy
may be oxidized to form a highly catalytic material compris-
ing a nickel and/or nickel alloy particulate embedded in an
oxide support. Generally, by carefully choosing the starting
alloy as well as the leaching conditions, this catalytic material
may be designed to have the desired catalytic, electrochemi-
cal, and physical properties. As seen from the above discus-
sion many different properties may be modified. These prop-
erties include, but are not limited to 1) the size, density,
roughness and composition of the catalytically active sites, 2)
the composition of the oxide support material, 3) crystal
structure of the catalytic sites, 4) composition of the oxide
support, 5) the grain size of the oxide support, 6) the surface
area and porosity ol the oxide, 7) the permeability of the oxide
to hydrogen gas and to 1onic transport (including, but not
limited to, hydrogen and hydroxyl ion transport), and 8) the
percentage of the hydrogen storage alloy particle converted to
oxides.

Furthermore, 1t 1s seen from the above discussion, that the
catalytic material of the present invention may be formed to
make 1t particularly well suited for use as the catalytically
active matenal for hydrogen consumption in a fuel cell anode.
Specifically, the catalytic material may be formed so that 1t 1s
1) highly catalytic for the consumption of molecular hydro-
gen, 2) electrically conductive for the transport of electrons,
3) permeable to the diffusion and transport of hydrogen gas,
4) permeable to the diffusion and transport of 1ons such as
hydrogen 10ns and hydroxyl 1ons, 5) permeable to the diffu-
sion of a liquid electrolyte, and 6) a barrier to the gas phase H,,
on one side of the anode and the electrolyte on the other side.
All of the atorementioned properties are desirable properties
tor using the catalytic material of the present mnvention as the
active material for a fuel cell anode.

It 1s noted that the catalytic materials of the present inven-
tion may also 1nclude disordered catalytic matenals.
Examples of disordered materials are provided 1n U.S. Pat.
No. 4,487,818, the contents of which are incorporated by
reference.

Generally, the catalytic material of the present invention
may be used as the active material for the anode of any fuel
cell. Examples of fuel cells include proton exchange mem-
brane fuel cells (PEM), alkaline tuel cells (AFC), phosphoric
acid fuel cells (PAFC), molten carbonate fuel cells (MCFC),
and solid oxide fuel cells (SOFC). In all cases, while the
clectrolyte and sub-reactions can be different, the basic point
of H, gas dissociation to form water with release of current, 1n
a hostile environment 1s common.
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In one embodiment, the catalytic material may be used as
the active matenial for the anode of an alkaline fuel cell. As
shown 1n FIG. §, an alkaline fuel cell 20 comprises an anode
24, a cathode 26 and an alkaline electrolyte 22 held within a
porous non-conducting matrix between the anode 24 and the
cathode 26. Potassium hydroxide 1s typically used as the
alkaline electrolyte in an alkaline fuel cell. The anode 24
comprises a conductive substrate 24A and an anode layer 24B
layer supported on the substrate 24 A. The cathode 26 com-
prises a conductive substrate 26 A and a cathode layer 26B
support on the substrate 26 A.

A hydrogen gas 1s fed to the anode 24 and an oxygen gas 1s
fed to the cathode 26. In the embodiment shown, the hydro-
gen gas 15 fed to the anode 24 via the hydrogen compartment
13, and the oxygen gas 1s fed to the cathode 26 via the
oxygen/air compartment 17. The reactant gases diffuse
through the electrodes to react with the electrolyte 22 1n the
presence of the catalyst to produce water, heat and electricity.
At the anode 24 the hydrogen is electrochemically oxidized
and give up electrons according to the reaction:

H,(g)+20H --->2H,0+2e" (4)
The electrons so generated are conducted from the anode 24
through an external circuit to the cathode 26. At the cathode
26 electrons are electrochemically combined with the oxidant
according to the reaction:

1505(g)+H50+2e™--->20H" (5)

A flow of hydroxyl (OH™) 1ons through the electrolyte 22
completes the electrical circuat.

As discussed, the anode 24 comprises an anode layer 24B
ailixed to a conductive substrate 24A. FIG. 6 shows a detailed
example of an embodiment of the anode layer 24B. Referring
to FIG. 6, the anode layer 24B includes the instant catalyti-
cally active material 32 and a polymeric hydrophobic mate-
rial 34. An example of a polymeric hydrophobic material 1s
PTFE. The active material 32 may be intermixed with the
hydrophobic material 34. The catalytically active material 32
forms a network of electrolyte-filled channels through the
anode layer 24B. The above described electrochemical reac-
tions occur at the surface of the catalytically active particles.
The porous hydrophobic material 34 binds the anode layer
24B together and provides a network of channels through
which reactant gases gain access to the catalytic surface of the
active matenial 32. In an alternate embodiment, the hydropho-
bic material may be in the form of a hydrophobic layer (rather
than being intermixed with the catalytic material). The hydro-
phobic layer may be placed adjacent to a catalyst layer. The
catalyst layer may be 1n the form of catalytic material which
1s aifixed to a conductive substrate.

In another embodiment, the catalytically active material of
e present mvention may be used as the active material for
ne anode of a proton exchange member (PEM) fuel cell. A
PEM fuel cell 1s described indetail in U.S. Pat. No. 5,234,777,
the disclosure of which is incorporated herein by reference. A
PEM fuel cell uses a proton exchange membrane (also known
as a solid polymer electrolyte) to provide 1on exchange
between the cathode and anode electrodes. The anode and
cathode electrochemical reactions for a proton exchange
membrane (PEM) fuel cell are as follows:

t
t

H-(g) -——->2H%+2e™ (6)

(12)O5(g)+2H "+2e ----->H,0 (7)

[Like the anode reaction of the alkaline fuel, the alkaline
reaction for a PEM fuel cell also involves the oxidation of the
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hydrogen gas fuel. For the PEM fuel cell, the electrical circuit
of the fuel cell 1s completed by positive 1on movement 1n the
form of a hydrogen atom from the anode to the cathode (1n
contrast to the alkaline fuel cell where there 1s negative 10n
movement 1n the form of a hydroxyl 1on from cathode to
anode

[ike the anode of the alkaline fuel cell, the anode of the
PEM fuel cell also comprises an anode layer affixed to a
conductive substrate. However, 1n the case of the PEM {fuel
cell, a hydrophobic material 1s not needed; hence, the anode
layer may simply consist of the instant catalytically active
material.

Relative comparisons of the efficiency of the present inven-
tion super catalysts versus that of platinum and palladium
have not yet been done. It fact, 1t 1s still within the spirit and
scope of the invention that even 11 worse than platinum and/or
palladium, they may still be better. This 1s not only because
these nickel catalysts are so much less expensive on a relative
basis than erther platinum or palladium, but also because the
size and surface area can be made much smaller/higher
respectively. The overall consequence 1s that the catalyst user
has a higher available concentration per unit area of the cata-
lyst available compared to either platinum or palladium. Fur-
ther, the long term benefits other than cost may be the ability
of these “ultra fine catalysts™ to operate eflectively in unusu-
ally hostile (i.e., poisoning) environments without degrada-
tion.

EXAMPLE 1

In this example, a nickel metal hydride (N1iMH) recharge-
able battery 1s chosen as the test bed to demonstrate the
capability of hydrogen gas absorption of the current invention
in a hostile gas environment. Raw materials with purity
higher than 99% were mixed and loaded 1n a vacuum induc-
tion furnace, melted, and poured 1nto a steel mold. The ingot
was pulverized into a 200-mesh powder and compacted onto
a metal substrate to form an electrode belt. The electrode was
used as the negative electrode 1n conjunction with nickel
hydroxide positive electrodes, separators, and a 30% KOH
clectrolyte to fabricate typical sealed NiMH rechargeable
batteries.

The hydrogen storage alloy was activated under a heat
treatment of 60° C. for five days. The surface of the activated
alloy comprises a metal particulate embedded in a porous
metal oxide. The oxide prevents turther oxidation of the alloy
and the porosity 1n the oxide make 1t possible for both gas and
clectrolyte to penetrate. The metal particulate, consisting
essentially of substantially pure metallic nickel and/or a
nickel alloy, contributes to the catalytic nature of the surface.

The battery was charged under C/10 rate for 20 hours. The
cell voltage and the cell pressure were monitored during the
entire charge process (FIG. 7). It 1s clear from FIG. 7 that
when the cell was charged close to 1ts tull capacity, the cell
voltage started to increase from the 1.4 volt plateau to the 1.5
voltage overcharge plateau. The cell pressure also increased
from O PSI to 100 PSI. A small sample of gas was withdrawn
from the cell and the gas contents was determined by gas
chromatograghy (GC) to be 96% H,, 1% O,, 2.5% N,, and
0.5% CH,,. There are two possible mechanisms for this hydro-
gen domination phenomenon. The first one 1s the local heat-
ing of the hydrogen storage alloy due to the hydrogen-oxygen
recombination and dehydride part of the charged negative
clectrode. The second possible mechanism is the lowering 1n
the hydrogen gas evolution potential 1n the negative electrode
due to the presence of oxygen evolved from the positive
clectrode during overcharge.
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After the cell was charged to 200% of 1ts rated capacity, 1t
was lett idle 1n the open-circuit configuration for five hours.
The cell voltage and cell pressure were monitored again dur-

ing this resting period (FIG. 8). The cell pressure went down
from 100 PSI to less than 40 PSI 1n about five hours due to the

hydrogen gas absorption 1nto the negative electrode demon-
strating that the activated surface of the hydrogen storage

alloy acts as a catalyst effective to facilitate the decomposi-
tion of molecular hydrogen into atomic hydrogen. The atomic
hydrogen 1s absorbed into the bulk of the hydrogen storage
alloy either under presence of hostile gas species, such as
oxygen and other carbon-containing gas.

EXAMPLE 2

An 1dentical N1iMH battery as used in Example 1 was
charged and discharged 500 times. The heavily cycled battery
was then charged under C/10 rate for 20 hours. The cell
voltage and pressure were monitored during the entire charge
process (FIG. 9). As shown in FIG. 9, the cell pressure
increased from 0 PSI to 150 PSI. A small sample of gas was
withdrawn from the cell and the gas content determined by
gas chromatography (GC) was 96.3% H,, 0.4% O,, and 3.3%
N, . After the cell was charged to 200% of its rated capacity, 1t
was lelt 1dle 1n the open-circuit configuration for five hours.
The cell voltage and pressure were momtored during this
open circuit period (FIG. 10). The cell pressure decreased
from 150 PSI to less than 80 PSI 1n about five hours demon-
strating that, even after 315 cycles, the alloy surface was still
able to act as a catalyst effective to decompose hydrogen gas
into atomic hydrogen which could then be absorbed 1nto the
bulk of the hydrogen storage alloy material.

It 1s to be understood that the disclosure set forth herein 1s
presented 1n the form of detailed embodiments described for
the purpose of making a full and complete disclosure of the
present mvention, and that such details are not to be inter-
preted as limiting the true scope of this invention as set forth
and defined 1n the appended claims.

We claim:

1. A method for making a catalyst, comprising the steps of:

providing an alloy having a bulk; and

leaching at least a portion of the bulk of said alloy; wherein

said leaching step comprises the step of oxidizing said
alloy.

2. The method of claim 1, wherein said leaching step
leaches at least 10,000 Angstroms of said alloy.

3. The method of claim 1, wherein said leaching step
leaches at least 10% of the volume said alloy.

4. The method of claim 1, wherein said leaching step
leaches at least 25% of the volume said alloy.

5. The method of claim 1, wherein said leaching step
leaches at least 50% of the volume of said alloy.

6. The method of claim 1, wherein said leaching step com-
prises the step of leaching substantially all of said alloy.

7. The method of claim 1, wherein said leaching step com-
prises the step of converting said alloy to at least one material
selected from the group consisting of oxides, phosphides,
chlorides, silicides, carbides, sulfides, and mixtures thereof.

8. The method of claim 1, wherein said leaching step com-
prises the step of:

contacting said alloy with an alkaline material.

9. The method of claim 8, wherein said alkaline material
comprises an alkali metal hydroxide.

10. The method of claim 9, wherein said alkali metal
hydroxide 1s selected from the group consisting of potassium
hydroxide, sodium hydroxide, lithium hydroxide, and mix-
tures thereof.
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11. The method of claim 1, wherein said leaching step
comprises the step of:

contacting said alloy with an acidic material.

12. The method of claim 1, wherein said leaching step
comprises the steps of:

contacting said alloy with an alkaline material; and con-
tacting said alloy with an acidic material.

13. The method of claim 12, wherein said acidic material

comprises an acid selected from the group consisting of HF,
HCI, HNO,, H,SO,, and mixtures thereof.

20

14. The method of claim 1, wherein said leaching step
comprises the step of:

alternatingly contacting said alloy with alkaline and acidic

materials.

15. The method of claim 1, wherein said leaching step 1s
chemical leaching.

16. The method of claim 1, wherein said leaching step 1s
clectrochemaical leaching.

17. The method of claim 1, wherein said alloy 1s a hydrogen

10 storage alloy.
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